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Confinement of silicon nanoparticles in silicon nitride instead of an oxide matrix might materially facilitate its potential applications as a light-emitting component in optoelectronics. We report in this letter the production of high-density ͑up to 4.0ϫ10 12 /cm 2 from micrographs͒ silicon nanoparticles in SiN x thin films by chemical vapor deposition on cold substrates. Strong room-temperature photoluminescence was observed in the whole visible light range from the deposits that were postannealed at 500°C for 2 min. The Si-in-SiN x films provide a significantly more effective photoluminescence than Si-in-SiO x fabricated with similar processing parameters: for blue light, the external quantum efficiency is over three times as large. The present results demonstrate that the nanostructured Si-in-SiN x system can be a very competitive candidate for the development of tunable high-efficiency light-emitting devices. © 2003 American Institute of Physics. ͓DOI: 10.1063/1.1621462͔
For a long time silicon has been considered unsuitable for optoelectronic applications: bulk silicon emits hardly any useful light because of the indirect nature of its band gap. A variety of different approaches has been conceived for silicon based light-emitting structures; among these, the quantum confinement of carriers in nanostructured silicon systems has come to dominate current research. In particular, efficient room-temperature photoluminescence ͑PL͒ has been realized in nanocrystalline Si-in-SiO 2 systems, which have the structural stability that is crucial for reliable fabrication of solid light emitters. 1 However, several problems remain to be resolved for this kind of silicon light-emitting devices ͑LEDs͒. One is the very high processing temperature. Generally, post annealing at temperatures over 1100°C is necessary for the formation and crystallization of silicon nanoparticles in SiO x for a PL efficiency on the order of a few percent. 1, 2 Such an annealing temperature is prohibitively high when integrating the LEDs with electronic components. The second problem concerns the carrier injection for electroluminescence. Carrier injection is accomplished by the tunneling mechanism. For silicon nanocrystals embedded in the SiO 2 matrix, which has a band gap of about 8.5 eV, the operating voltage of such LEDs would be unacceptably high. 3 Clearly, silicon nanoparticles with strong light emission, prepared at low temperature in a matrix with a smaller band gap would be quite valuable.
Very recently, we have succeeded in preparing highdensity amorphous silicon nanoparticles in a SiO x matrix by chemical vapor deposition ͑CVD͒ directly on cold substrates. The deposits, after annealing at 500°C for 2 min, exhibited PL through red to blue-green with efficiencies over 1.0%. 4 If light-emitting silicon particles can also be prepared in silicon nitride by such a cold procedure, the significantly narrower band gap of nitride ͑5.3 eV͒ 5 might alleviate the carrier injection problem for Si electroluminescence. Of course, one prerequisite for any further work toward this end is to obtain high-efficiency PL from the Si-in-SiN x system-a reasonable objective.
Replacing the oxide matrix with nitride also helps clarify the possible mechanisms underlying light emission of silicon nanostructures. For Si-in-SiO x , which has been extensively exploited for over a decade, a fair bit of controversy remains around the details of the PL process. One group of researchers attributed all the relevant phenomena solely to the quantum confinement effect. 6 Others claimed that the interface states induced by structural and/or compositional disorders play a rather critical role in determining the PL behavior. 7, 8 By comparing the PL from silicon nanoparticles in distinct matrices, some insight into the role of the silicon-matrix interface can be obtained. Few studies have focused on the structure and PL properties of Si-in-SiN x thin films.
In the present work we will show that high-density silicon nanoparticles can be produced in SiN x thin films by the CVD technique on cold substrates. PL in the whole visible light range can be achieved in samples that were postannealed at 500°C, and the PL efficiency is remarkably higher than that achieved in Si-in-SiO x prepared with similar processing parameters, especially in the short wavelength section.
Si-in-SiN x films of about 1.2 m thick were prepared on Si ͑100͒ wafers and quartz in a capacitance-coupled plasmaenhanced CVD setup using the gas mixture of SiH 4 , N 2 , and H 2 as the precursor. The total flow rate was fixed at 60 sccm, while the nitrogen-to-silane flow rate ratio ␥ was adjusted between 1.0 and 5.5. The rf power was 35 W and the working pressure was maintained at 1.5ϫ10 2 Pa. No designed substrate heating was applied; the substrate temperature remained below 60°C at the end of deposition. The Si-in-SiO x films for comparative study were fabricated by replacing N 2 with N 2 O under the same conditions. Postannealing at various temperatures up to 900°C for 2 min was performed in a N 2 /Ar atmosphere. The local bonding configurations in the films were characterized by infrared absorption measurement on a Perkin-Elmer 2000 Fourier-transform infrared ͑FTIR͒ system, and the overall composition of the films was estimated through x-ray photoelectron spectroscopy ͑ESCALab-Mark II͒. Both a Raman imaging microscope ͑JY-T64000͒ and a transmission electron microscope ͑TEM͒ ͑Tecnai-20͒ were employed for the confirmation of Si nanoparticles in the matrix. The PL spectra were registered on a PTI-710 fluorescence spectrometer at room temperature, where the 325 nm line of a Xe lamp was utilized for excitation.
With ␥ values varying from 1.0 to 5.5, the nitrogen-tosilicon atomic ratio for the Si-in-SiN x films increases roughly from 0.65 to 1.05. By taking account of the dispersed silicon particles, the stoichiometry for the SiN x matrix was found to change only slightly, with the x value scattered between 1.0 and 1.10. Figure 1 displays the IR absorption spectra. In addition to the prominent band centered at 850 cm Ϫ1 with a shoulder at 1200 cm Ϫ1 , three other peaks are discernible at 470, 2100, and 3330 cm Ϫ1 . These features are characteristic of the hydrogenated SiN x matrix and can be assigned to the Si-N stretching, N-H bending, Si-N breathing, Si-H stretching, and N-H stretching vibration modes, respectively.
9,10 Noticeably, as ␥ increases, the vibration frequency of the Si-N and Si-H stretching modes shifts continuously towards larger wave numbers, following a trend that would be expected from SiN x samples containing more nitrogen. 10 This is due to the induction effect by nitrogen atoms incorporated into the tetrahedral Si-Si 4Ϫn N n and H-Si 4Ϫn N n (nϭ1, 2, 3) clusters.
The presence of silicon particles in the deposits can be confirmed from the Raman spectra ͑Fig. 2͒. In the range from 100 to 1200 cm Ϫ1 , the Raman spectra resemble those of a-Si. At larger ␥ values, the TO peak at 480 cm Ϫ1 continuously broadens while becoming rapidly less intense. Also the intensity ratio of the TA mode to the TO mode increases. These observations suggest an enhanced short-range and medium-range disorder of the Si-Si 4 network as a consequence of reduced particle size in the films deposited with less silane in the precursor.
A direct verification of silicon nanoparticles in the deposits was provided by the bright-field TEM images shown in Fig. 3 . The silicon nanoparticles are isometrically distributed throughout the film. Depending on the fraction of silane in the precursor, and hence the silicon concentration in film, the particle size ranges from about 1.5 to 4.5 nm. A number density in between 1.0 and 4.0ϫ10 12 /cm 2 was accordingly calculated. Note that particle coagulation already took place by chance under such a circumstance. The particles are essentially amorphous, as revealed by the electron diffraction patterns showing a single diffuse ring.
The samples thus prepared that were annealed at 500°C for 2 min exhibited strong PL across the whole visible spectrum ͑Fig. 4͒. The very bright red, green, and blue emissions were perceptible to the unaided eye when illuminated with a 6 W UV lamp emitting at around 365 nm. An enhancement in PL efficiency of more than two orders of magnitude was realized in comparison with typical SiN x specimens prepared by utilizing the same technique without distinguishable silicon nanoparticles. The external quantum efficiencies of PL for these annealed Si-in-SiN x samples are estimated to be 0.5%-5% from the red to blue light. Some compelling observations give rise to the view that PL in this Si-in-SiN x system comes from the silicon particles rather than the nitride matrix. First, both the PL intensity and peak position strongly depend on the density and size of the silicon particles. The blueshift of the PL peak is unambiguously corre- lated to a reduction in the particle size, as can be seen in the TEM images. Second, the PL properties of these samples is rather long-lived. Neither prolonged continuous illumination nor long-term aging in air causes any noticeable degradation in intensity or alteration in profile.
The superior emission capability of Si-in-SiN x over Si-in-SiO x can be recognized from Fig. 5 , plotting the PL peak intensity versus peak position for the two systems. In both systems, qualitatively speaking, PL at shorter wavelength corresponds to a smaller average size of silicon particles. Clearly, the PL from Si-in-SiN x films has a higher efficiency than Si-in-SiO x films, especially in the spectral range of blue and green light. For instance, a multiple factor of 3.4 was calculated at the photon energy of 2.6 eV. This is a quite reasonable consequence, since the N ions are less reactant than O ions favoring the formation of stable Si-SiN x interfaces. The density of silicon particles in SiN x is thus larger than in SiO x , especially when the particles are smaller. Besides, we also noticed that silicon particles of the same size in SiN x give rise to PL at shorter wavelength than in SiO x .
The PL from silicon nanoparticles in SiN x and SiO x matrices shows rather dissimilar effects of annealing. The peak position for Si-in-SiN x progressively blueshifts in response to postannealing below 600°C, while in Si-in-SiO x a redshift already begins at 360°C. Nevertheless, we could not attribute the PL peak shift of annealed samples to an effect of particle size, since no appreciable alteration in the particle size was evidenced from either TEM or Raman characterization. In fact, annealing for 2 min at such low temperatures is not enough to cause any noticeable structural rearrangement. Rather, it can effectively modify the configuration of some local hydrogen-bonded structures, as confirmed by infrared absorption measurements. In the Si-in-SiO x system, the H atoms begin to escape at 360°C, particularly from the interfaces; meanwhile, the H passivation of silicon particles will be replaced by O passivation, leading to a narrowed optical band gap. 7, 8 In contrast, the Si-H bonds in Si-in-SiN x films do not appreciably decrease upon annealing up to 500°C, and in several cases an opposite change has been observed. 11 The rearrangement of the bonds at the interface occurs via the well-known cross linking reaction Si-SiϩN-H→Si-H ϩSi-N. The continuous opening of the optical band gap as the increasing number of Si-H bonds eventually causes the blueshift of PL. This is to say that the optical properties of silicon nanoparticles in both SiN x and SiO x matrices are closely related to the surface chemical environment, and thus they cannot be attributed merely to the ''pure'' quantum confinement effect. Furthermore, our results indicate that no oxygen-related species is required to obtain PL from silicon nanoparticles.
In summary, we devised a low-temperature procedure for the preparation of high-density silicon nanoparticles in a nitride matrix, which manifested very efficient photoluminescence. By comparing the PL characteristics it was concluded that the Si-in-SiN x system outperforms its oxide counterpart, especially in green and blue light emission. The present advancement opens up the possibility of developing tunable high-efficiency LEDs based on the nanostructured Si-in-SiN x thin films. 
